Abstract: Nujiangexathone A (NJXA), a novel compound derived from Garcinia nujiangensis, has been demonstrated to inhibit the proliferation of several human cancer cell lines. This study is the first to demonstrate the apoptosis inductive activities of NJXA and the possible underlying mechanisms. Our results demonstrated that NJXA inhibited colony formation by HeLa and SiHa cells in a dose-dependent manner. An Annexin V-FITC/PI staining assay showed that NJXA strongly triggered apoptosis in a dose-dependent manner. Western blotting analyses showed that NJXA induced the caspase-dependent apoptosis of HeLa and SiHa cells by triggering a series of events, including changes in the levels of Bcl-2 family proteins, cytochrome c release, caspase-3 activation, and chromosome fragmentation. Furthermore, we demonstrated that NJXA induced cell apoptosis by activating the reactive oxygen species (ROS)-mediated JNK signaling pathway. Consistent with this finding, a ROS scavenger, N-acetyl-L-cysteine (NAC, 10 mM), hindered NJXA-induced apoptosis and attenuated the sensitivity of HeLa and SiHa cells to NJXA. In vivo results further confirmed that the tumor inhibitory effect of NJXA was partially through the induction of apoptosis. Taken together, our results demonstrated that NJXA induced the apoptosis of HeLa and SiHa cells through the ROS/JNK signaling pathway, indicating that NJXA could be important candidate for the clinical treatment of cervical cancer.
Introduction
Cancer is a deadly disease that kills approximately half a million people annually. Cervical cancer is the fourth most common type of cancer in women, and approximately 80% of cervical cancers occur in developing countries [1] . Currently, the standard treatment for cervical cancer is radical pelvic surgery followed by chemotherapy. Patients are generally treated with cisplatin-based chemotherapy; however, adverse side effects, including nephrotoxicity, and gastrointestinal and cardiovascular damage, have limited the success of this treatment. To date, all cytotoxic anticancer drugs have various
Results

NJXA Inhibits the Proliferation and Induced the Death of Cervical Cancer Cells
A previous investigation showed that NJXA exhibited toxicity toward several cancer cell lines [25] . To study the potential effect of NJXA on long-term proliferation, we used a colony formation assay. HeLa or SiHa cells were seeded at 200 cells per well and were treated with 0~20 µM of NJXA for 24, 48 , and 72 h. The results indicated that NJXA suppressed the formation of colonies by both cervical cancer cell lines in a concentration-and time-dependent manner ( Figure 1 ). After treatment with 20 µM of NJXA for 72 h, very few colonies were found in the HeLa cell cultures. NJXA had a stronger inhibitory effect on SiHa cells than on HeLa cells, with their colony formation almost completely inhibited after treatment with 10 µM of NJXA for 48 h. These results demonstrated that NJXA exhibited highly selective cytotoxicity toward the cervical cancer cells tested without exerting obvious cytotoxicity toward normal cells [26] .
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NJXA Induces Caspase-Dependent Apoptosis in HeLa and SiHa Cells
To investigate the effect of NJXA on HeLa and SiHa cells, we performed an apoptosis assay in which flow cytometric analysis of human HeLa and SiHa cells treated with 20 μM of NJXA for 24 h and then double-stained with propidium iodide (PI), and an anti-Annexin V antibody was conducted. As shown in Figure 2A , the number of apoptotic cells in both the HeLa and SiHa cell populations was significantly increased by NJXA treatment. To confirm these findings, we investigated the involvement of caspases in the effect of NJXA using the caspase inhibitor z-VAD-fmk. As expected, the Annexin V/PI flow cytometric apoptosis assay showed that the apoptosis of HeLa and SiHa cells treated with NJXA (20 μM) for 24 h after a 2-h pre-treatment with z-VAD-fmk was strongly inhibited (Figure 2A ). We also found that there was a fraction of cells near the border of the top right quadrant that seems insensitive to z-VAD, which were possibly the necrotic cells, where damaged plasma membrane permits penetration of Annexin V and binding PS in the internal membrane layer.
Additionally, the apoptosis of NJXA-treated cells was confirmed by Western blotting analysis of the activities of caspase-dependent pathway markers, including caspase-3, caspase-9, and PARP. Compared with their levels in the control cells, the activities of caspase-3 and caspase-9 were elevated in the cells treated for 24 and 48 h with NJXA because they contained decreased amounts of pro-caspase-3 and pro-caspase-9, whereas the amount of cleaved PARP was significantly increased in the treated cells ( Figure 2B ). Hoechst 33342 staining also showed that NJXA induced the development of the morphological characteristics of apoptosis. DNA condensation and fragmentation were initially observed after treatment with 10 μM of NJXA for 48 h and significantly increased when the concentration of NJXA was increased to 20 μM ( Figure 2C ). The data shown are the mean values ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001 compared with the control. n = 3.
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NJXA Activates the Mitochondria-Dependent Apoptotic Pathway in Cervical Cancer Cells
It has been suggested that the Bax-mediated mitochondrial signaling pathway plays an important role in apoptosis [16, 17] . In our study, the key events following the activation of the mitochondrial signaling pathway, including changes in the levels of Bcl-2 family proteins, cytochrome c release, mitochondrial fission, and swelling, were examined in cells undergoing NJXA-induced apoptosis.
The Western blotting results showed that the levels of the anti-apoptotic Bcl-2 proteins, including Bcl-2 and Bcl-xL, were decreased in a concentration-and time-dependent manner after NJXA treatment in both HeLa and SiHa cells, whereas the level of the pro-apoptotic protein Bax was increased ( Figure 3A,B) . We also assessed the release of cytochrome c in the treated cells. As shown in Figure 3C ,D, NJXA dramatically reduced the amount of cytochrome c in the mitochondria of the cervical cancer cells. These results indicated that NJXA induces Bax-mediated mitochondrial cytochrome c release. We also examined the changes in mitochondrial morphology induced by NJXA treatment by staining cells with a fluorescent dye, MitoTracker Red. As shown in Figure 3E , in normal HeLa and SiHa cells stained with MitoTracker Red, the mitochondria have filamentous morphology. However, upon 20-μM of NJXA treatment, the mitochondria underwent fission and swelling, which may have been due to the loss of the mitochondrial membrane potential. 
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NJXA Regulates Cervical Cancer Cell Apoptosis via Activating the JNK Pathway
ROS are known to participate in regulating apoptosis [27] and to promote the activation of JNK by inhibiting MAP kinase phosphatases [28] . In our study, the level of intracellular ROS was measured using DCFH-DA. Fluorescence microscopy revealed that cells exposed to NJXA for 12 h had much brighter green fluorescence than did the cells in the control group ( Figure 4A,B) , indicating that NJXA induced the marked accumulation of intracellular ROS. Flow cytometric analysis also demonstrated that the level of intracellular ROS increased in a dose-dependent manner in the treated cells when the concentration of NJXA was increased from 0 μM to 20 μM. Because JNK is a stress response protein kinase that can be activated by ROS [29] , we investigated the effect of NJXA on JNK in HeLa and SiHa cells. Western blotting analysis showed that the level of total JNK was not obviously changed after NJXA treatment compared with the level in the control cells, whereas NJXA treatment triggered the concentration-dependent upregulation of the level of phosphorylated JNK (Figure 4C,D) . Moreover, pretreatment with the antioxidant NAC at 10 mM counteracted the increase in intracellular ROS that occurred in HeLa and SiHa cells exposed to NJXA ( Figure 4E,F) , as shown by fluorescence microscopic and flow cytometric analysis. The proportion of apoptotic cells was also decreased obviously in the presence of NAC or SP600125 in NJXA-treated cells ( Figure 4G,H) . At the same time, NAC effectively antagonized the phosphorylation of JNK in response to NJXA ( Figure 4I ). Therefore, these results indicate that ROS contributed to the NJXA-induced apoptosis of HeLa and SiHa cells. 
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NJXA Has a Significant Antitumor Effect against Xenografted Tumors in A Nude Mice Model
The antitumor effect of NJXA was examined in nude mice, as described previously [26] . Our previous results showed that NJXA treatment decreased both the volume and weight of the xenografted tumors compared with those in the control group and that the anticancer activity of NJXA was comparable to that of cisplatin [26] . To better understand the molecular mechanism underlying the effect of NJXA on tumorigenesis in vivo, we examined the expression level of pro-caspase-3 and the level of cleaved caspase-3 in tumor tissues using Western blotting and immunohistochemical analysis, respectively. As shown in Figure 5A , the expression levels of pro-caspase-3 were significantly lower in the tumor tissues of NJXA-treated mice than in those of the control mice, whereas the level of cleaved caspase-3 was dramatically increased. These results strongly indicated that NJXA inhibited the growth of cervical cancer in vivo by inducing apoptosis. 
Discussion
In this study, the in vitro and in vivo antitumor activity and mechanism underlying this activity of NJXA, a novel compound isolated from G. nujiangensis, was investigated with regard to its potential development as an anticancer drug for treating cervical cancer. Apoptosis is a programmed cell death process that occurs in multicellular organisms, which can be activated through two different pathways. One of these activating pathways is an intrinsic pathway that is generally initiated by stimulation with chemical compounds or irradiation. The other such pathway is an extrinsic pathway that is activated by the binding of death ligands to the death receptors [19] . It is believed that apoptosis has a close association with many diseases, with deficient apoptosis causing the loss of controlled proliferation, which eventually results in carcinogenesis [30] . Insights into antitumor activities have given rise to optimism regarding the development of cancer-cell-specific therapies [10, 12] . It has been observed that many plant-derived chemotherapeutic drugs kill cancer cells by promoting apoptotic cell death [31] [32] [33] [34] . In this study, we demonstrated that NJXA triggers the activation of the mitochondria-dependent apoptotic signaling pathway, resulting in the increase in pro-apoptotic protein levels, cytochrome c release, caspase activation, PARP cleavage, DNA fragmentation, and apoptosis in HeLa and SiHa cells. These results indicated that NJXA was toxic and lethal to HeLa and SiHa cells through inducing apoptosis.
The ROS-JNK pathway is involved in NJXA-induced apoptosis. A low dosage of ROS improves cellular function and enhances cell survival. However, excessive ROS promotes programmed cell death [35] . The results of the present study indicated that the ROS level in human cervical cancer cells treated with NJXA was significantly increased. The ROS inhibitor NAC was found to prevent these changes, suggesting that ROS are involved in the NJXA-induced apoptosis. Studies have demonstrated that the excessive generation of ROS imbalances cellular homeostasis via affecting multiple signaling pathways [20] and that JNK played significant roles in many of the resulting cellular events [29] . Our present study showed that treating HeLa and SiHa cells with NJXA resulted in the upregulation of the JNK1/2 levels, as shown using Western blotting. Based on these data, we concluded that JNK is involved in the NJXA-induced apoptosis of cervical cancer cells and that the mechanism underlying the NJXA-mediated antitumor effect was associated with the ROS-JNK 
The ROS-JNK pathway is involved in NJXA-induced apoptosis. A low dosage of ROS improves cellular function and enhances cell survival. However, excessive ROS promotes programmed cell death [35] . The results of the present study indicated that the ROS level in human cervical cancer cells treated with NJXA was significantly increased. The ROS inhibitor NAC was found to prevent these changes, suggesting that ROS are involved in the NJXA-induced apoptosis. Studies have demonstrated that the excessive generation of ROS imbalances cellular homeostasis via affecting multiple signaling pathways [20] and that JNK played significant roles in many of the resulting cellular events [29] . Our present study showed that treating HeLa and SiHa cells with NJXA resulted in the upregulation of the JNK1/2 levels, as shown using Western blotting. Based on these data, we concluded that JNK is involved in the NJXA-induced apoptosis of cervical cancer cells and that the mechanism underlying the NJXA-mediated antitumor effect was associated with the ROS-JNK interaction. Our present results are also consistent with the results of previous studies showing that ROS-induced JNK activation was involved in the apoptosis of some types of tumor cells [35, 36] .
The results of in vivo study indicated that NJXA could inhibit the development of xenografted tumors partially through the induction of apoptosis. Our previous study indicated that NJXA also showed tumor inhibitory effects via the down-regulation of heterogeneous nuclear ribonucleoprotein K (hnRNPK) by accelerating ubiquitin-proteasome-dependent hnRNPK degradation, which then induced cell cycle arrest through the c-Myc-cyclin/Cdk-Rb-E2F1 pathway. Unlike the Western drug, which usually has a single target, the compounds from natural plants are often multi-targets. As we reported previously that the compound oblongifolin C (OC), a PPAP purified from G. yunnanensis Hu, showed tumor inhibitory effects via different mechanisms: (i) activation of mitochondria-dependent apoptotic pathway [19] ; (ii) inhibition of autophagic flux [37] ; (iii) inhibition of metastasis via upregulation of keratin 18 and tubulins [38] ; and induction of DNA damage and ER stress [39] . Our study here indicated that both apoptosis and cell circle arrest contribute to the anti-tumor effect of NJXA. The detailed mechanisms of NJXA still need to be investigated further.
Materials and Methods
Cell Lines and Cell Culture
Human cervical cancer carcinoma HeLa and SiHa cell lines were cultured in Dulbecco's modified Eagle's medium (Gibco/Invitrogen, 12800-017, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (PAA, A15-101) and 10 U/mL of penicillin-streptomycin (Gibco/Invitrogen, 15140-122) at 37 • C in a humidified 5% CO 2 incubator.
Annexin V-FITC/PI Staining Assay
After treatment, the cells were harvested, washed twice with ice-cold PBS, and then stained using an Annexin V-FITC/PI Cell Apoptosis Detection Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. In brief, 1 × 10 6 cells were resuspended in 400 µL of binding buffer and then 5 µL of 2 mg/mL of an Annexin V antibody, and 5 µL of 20 µg/mL PI were added. After 15 min of incubation in the dark, apoptosis was quantified using BD FACS Calibur flow cytometer (Becton & Dickinson Company, Franklin Lakes, NJ, USA), and the data were analyzed with the FlowJo 7.6.1 software (FlowJo, LLC, Ashland, OR, USA). The cells in the early stage of apoptosis were Annexin V positive and PI negative, whereas the cells in the late stage of apoptosis were both Annexin V and PI positive.
Western Blotting Analysis
Cell lysates containing 20 µg of protein were fractionated using SDS-PAGE, and then the proteins were transferred to a polyvinylidene difluoride membrane. After blocking nonspecific binding with TBS/T (0.1%) containing 5% non-fat milk for 1 h at room temperature, the membrane was incubated with different antibodies. The membrane was washed four times with TBS/T to remove the unbound antibodies and then was incubated with the HRP-conjugated secondary antibodies at room temperature for 1 h. The labeled protein bands were visualized using an ECL kit (Pierce, Rockford, IL, USA).
Colony Formation Assay
Two hundred cells per well were seeded in 6-well plates, and the plates were incubated overnight. The cells were then treated with NJXA at various concentrations for the indicated periods. After being rinsed with fresh medium, the cells were allowed to form colonies for 14 days and were subsequently fixed and stained with 0.04% crystal violet. Colonies observed under a microscope to contain more than 50 cells were counted as one positive colony.
Hoechst Staining Assay
After treatment, the cells were incubated with Hoechst 33342 (10 µg/mL) for 5 min at room temperature in the dark. Then, the stained cells were observed under a fluorescence microscope.
ROS Production Assay
Intracellular ROS production was measured as described previously [40, 41] . In brief, cells were stained with DCFH-DA for 30 min at 37 • C in the dark. The stained cells were rinsed with PBS and then were observed immediately under a fluorescence microscope (Olympus IX 83, Tokyo, Japan). The absorbance at 488 nm (excitation wavelength)/525 nm (emission wavelength) was measured.
To determine the intensity of fluorescence, cells were stained with DCFH-DA for 30 min at 37 • C in the dark. After 3 rinses with phosphate-buffered saline (PBS), the cells were digested using 0.25% trypsin and were re-suspended in PBS, and the intensity of fluorescence was measured by flow cytometry according to the manufacturer's instructions.
Cell Viability Assay
Cells were pretreated with 10 mM of NAC (Sigma, Taufkirchen, Germany,) or 20 µM of SP600125 (Cell Signaling Technology, Danvers, MA, USA) for 2 h, and then treated with NJXA (20 µM) for 24 h. After treatment, a 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) solution was added and incubated for 4 h. After the medium was removed, 100 µL of DMSO was added, the absorbance was measured at 570 nm, and cell viability was normalized as the percentage of control.
Subcellular Fractionation
After treatment, cells were harvested by trypsin-EDTA treatment, and the cytosolic and mitochondrial fractions were separated using a Cell Mitochondria Isolation Kit (Beyotime, Shanghai, China, C3601) according to the manufacturer's instructions. 3 , the mice were randomly divided into the three following groups (n = 6 per group): (1) vehicle (1% Tween-80 in saline); (2) NJXA, 20.0 mg/kg every day; and (3) cisplatin, 2 mg/kg every other day. At the end of the experimental periods (16 days after tumor implantation), the mice were sacrificed, and their tumors were removed. A portion of each tumor was fixed in 10% paraformaldehyde (PFA) for the immunohistochemical assay, and the rest was used for Western blotting analysis.
In Vivo Animal Study
Hematoxylin Staining and Immunohistochemistry
Tumor samples were fixed in 10% PFA at 4 • C for 48 h. Selected samples were embedded in paraffin, sectioned, and stained with a cleaved caspase-3 (CST, 9662) antibody. The primary antibody was used at a dilution of 1:100. Finally, the sections were mounted with DPX Mountant (Sigma, 317616) for histological analysis.
Statistical Analyses
The data are presented as the mean values ± SD from three independent experiments. The statistical analysis was performed using the Student 2-tailed t-test. p-values of less than 0.05 were considered to indicate significant differences.
Conclusions
Our study demonstrated the mechanism through which NJXA induced apoptosis in cervical cancer cells. The NJXA-mediated induction of apoptosis in cervical cancer cells was regulated through the ROS-mediated JNK signaling pathway. These data, combined with the evidence obtained using an animal model, strongly support a role for NJXA as a novel anticancer drug candidate for the therapy of cervical cancer through the induction of apoptosis.
